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Abstract 
Faults can determine the success or failure of low enthalpy geothermal projects. This is due to their capacity to behave as 
pathways or baffles to geothermal water (or both simultaneously) and their prevalence throughout the subsurface. Here we  
present an initial assessment of the possibility for faults in the Northern Belgium (Flanders) and Netherlands border region to  
impact the geothermal potential of four selected reservoirs.  
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1. Introduction 
The Flanders-Netherlands border region is located in the lowlands of northwest Europe. The region is far from 
tectonic plate boundaries, volcanoes, or other regions of high crustal heat flow. Yet over the last 10 years shallow 
and deep low-medium enthalpy geothermal (heat) energy has experienced growth in the region. In the Netherlands 
this growth is dramatic – geothermal energy is now the fastest growing RES (renewable energy source) [16], 
growing by nearly 25 % between 2012 and 2013 [9]. In Flanders the growth of geothermal looks set to follow that of 
the Netherlands in the coming years [20]. The GEOHEAT-App project, a 1.5 year cross-border project funded by 
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the European INTERREG IVa program for Flanders-The Netherlands, was undertaken in order to facilitate this 
growth. This project was designed to provide an initial assessment of the geothermal potential of the four provinces 
in the border region (Belgian Limburg and Antwerp, and Dutch Limburg and Noord-Brabant) (Fig. 1). Geothermal 
potential and above ground heat-demand were also assessed for six specific case study locations in these provinces 
(for further details about the project please visit www.vito.be/geoheatapp).  
Geothermal resource potential was mapped for four intervals that are possible geothermal reservoirs in the 
region; the Upper Cretaceous Chalk Group (Houthem and Maastricht formations), Lower Germanic Triassic Group 
sandstones (Main Buntsandstein Subgroup – Volpriehausen, Detfurth, Hardegsen and Nederweert formations in the 
Netherlands and the Bree, Bullen and Gruitrode formations in Flanders), Upper Carboniferous, Westphalian D 
sandstones (Neeroeteren and Hellevoetsluis formations) and Lower Carboniferous, Dinantian limestones. The region 
was classified as having low, medium or high geothermal potential according to the transmissivity (Dm) (reservoir 
permeability*reservoir thickness) and temperature (according to the temperature gradients of the main intervals and 
reservoir depth).  
The spatial extents of these reservoirs are related to the main structural elements within this region through 
paleogeographic depositional settings and fault controlled displacement (Fig. 1). Devonian-Carboniferous 
limestones were deposited in part of the Carboniferous basin of northwest Europe, a foreland basin of the Variscan 
Orogeny [17]. The transition from the Lower to the Middle Carboniferous is marked by a shift from a carbonate to a 
siliciclastic setting, becoming more continental in nature through the Upper Carboniferous, from the Namurian 
shales to paralic Westphalian sandstones and coal measures in the Campine Basin [17]. Basin development 
continued from the Permian through to the Middle-Triassic as a result of thermal subsidence, allowing deposition of 
thick sequences of sandstones and claystones in the centre of the Roer Valley Graben. In the early Cretaceous the 
region underwent extension along northwest trending extensional basins similar to today’s basin orientation during 
which time thick sequences of chalk were deposited. Parts of the Roer Valley Graben and Campine basin 
subsequently underwent a crustal inversion phase from the Upper Cretaceous until around the end of the Paleogene, 
related to the Alpine Orogeny [11]. The current Roer Valley Graben is part of the European Cenozoic Rift system 
[18, 25]. The study area is today transected by a predominant set of (N)NW - (S)SE striking normal faults, which 
locally display a shear component (see Fig. 1). Most of these faults already existed during the Carboniferous. The 
largest faults were reactivated during the Jurassic, and some are still active today [17,26]. The faults resulting from 
this complex geological history impact the reservoir properties of each of the intervals assessed here.  
 
Fig. 1. The main structural features of the region; the Roer Valley Graben, the Campine Basin and the London-Brabant Massif, map adapted from 
[10]. Inset shows the four provinces of Northern Belgium and The Netherlands included in the GEOHEAT-App project.  
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Fig. 2. Fault zone hydrogeological structure. Fault zones in brittle and clastic rocks typically comprise a fault core (FC) and damage zones (DZ). 
Conceptual model of fault zone structure in brittle/carbonate rocks (a) and clastic rocks (b). (c) Conceptual model of the hydraulic behaviour of 
fault zones in brittle rocks based on the relative proportion of fault zone structural elements, from [8]. Figure adapted from [19]. 
Faults are known to have a strong impact on the feasibility of geothermal projects, both in high enthalpy and 
medium-low enthalpy settings, due to the impact they can have on the permeability of the subsurface [28]. If faults 
behave as conduits (increase permeability) [13] they may improve geothermal prospects, but if they behave as 
barriers (decrease permeability) [14] they may cause compartmentalization of the reservoir, which can present 
difficulties for accessing the full geothermal resource.  
Fault permeability structure is an important parameter for assessing whether or not fault zones will increase or 
decrease permeability, behaving as conduits or barriers, or a combination of both [5]. Specific lithologies can 
deform differently when subjected to stress, resulting in different permeability structures (Fig. 2). Fault cores in 
(macroscopically) brittle (generally crystalline) rocks can comprise a combination of fault gouge, cataclasites, 
breccias, mylonites, discrete slip surfaces, and relatively cohesive lenses or blocks of sediment [4,5,23] (Fig. 2a). 
Fault damage zones in carbonate rocks tend to fracture, creating breccia or joints, as described by [8] (Fig. 2a). 
Often, the damage zone around the fault core can be much more extensive and hydraulically more important, 
contributing more towards bulk permeability than the core (10’s to 1000’s of meters in thickness perpendicular to 
the fault strike compared with 0.1 to 10 m thickness). Fault hydraulic behaviour (conduit/barrier) can be determined 
from the ratio of fault zone elements (Fig. 2c)[8]. Fault zones in brittle rocks are often conduits to fluid flow [13]. 
In clastic rocks strain is often accommodated by (multiple) deformation bands in both the fault core and damage 
zone [1,2] (Fig. 2b). These are thin bands (<2 cm thickness) in which cataclasis and particulate flow occur (breakage 
and rolling/sliding of grains), acting to reduce pore space and thus permeability. If there is a sufficient proportion of 
clay in the protolith of siliciclastic and carbonate rocks clay can be smeared through the fault core, forming strong 
seals [27]. Fractures are much less common in these rocks. As a result of these processes faults in clastic rocks are 
likely to behave as barriers, decreasing permeability of the clastic reservoir units[14].  
Certain lithologies – carbonates in particular – may also be karstified, whereby permeability is increased further 
by the dissolution of the rock along fractures [7,22]. This has been shown to have occurred within the Lower 
Carboniferous limestones in parts of the region of interest [12]. Large-scale dissolution is less common in fault 
zones with other mineralogical compositions. Conversely, over time, mineral-saturated fluids can precipitate 
354   Sian Loveless et al. /  Energy Procedia  59 ( 2014 )  351 – 358 
cements in pores and/ or fractures and effectively become re-sealed, reducing fault permeability [21] and forming 
significant barriers to fluid-flow [15]. However, each time the fault deforms (is activated) fractures may open and 
permeability can increase again [23]. As a result, faults that have deformed more recently are more likely to be 
permeable. Barton et al. [3] also found that normal faults optimally oriented to the current stress field, i.e. “critically 
stressed” and therefore more likely to slip, were also more permeable than those not critically stressed. 
Incorporating these factors into fault assessments is complex. However, we have produced regional scale maps 
that indicate the likelihood of fault zones to improve geothermal potential across the four provinces in Flanders and 
the Netherlands based on the main principles behind the fault behaviour, outlined in this paper.  
2. Methodology 
In order to assess the likelihood of fault zones improving geothermal potential we identified two key questions: 1. 
Are there faults, and if so where are they? 2. How will the faults affect the resource potential of geothermal projects 
(will they behave as conduits or barriers)? Analysis was completed using spatial data and the Geographical 
Information System software ArcGIS. It was not possible to directly assess fault zone structure for faults in this 
region because a) there are few outcrops and b) there are very many faults. Therefore parameters known to influence 
fault permeability (as described in the previous section) were used to make assessments at the regional scale. 
2.1. Identification of areas with faults  
Fault maps were compiled for the whole region. Faults have previously been mapped for key stratigraphic 
intervals in Flanders and the Netherlands (https://dov.vlaanderen.be and http://www.nlog.nl) based on seismic and 
borehole data. In some places the data coverage is quite good, and the fault locations well-known, however in other 
locations the data is sparse and for the deeper intervals the resolution can be quite poor. In addition, since data from 
different sources were used either side of the border the fault traces did not always match. This discrepancy had to 
initially be rectified with the correlation of faults across the border. 
Fault maps were made for only the carbonate (Upper Cretaceous chalk and Lower Carboniferous limestone) 
groups, for reasons explained in section 2.2. Fault maps for the Upper Cretaceous chalk interval combined pre-
existing maps of faults at the top of the chalk deposits in Flanders (from DOV) and the top Chalk Group in the 
Netherlands (from TNO). These faults have recently been re-mapped and jointly interpreted across much of the 
border region as part of the H3O project [10]. This newly mapped region was incorporated into the fault maps. Fault 
maps of the Lower Carboniferous limestone interval comprise faults mapped for the top of the Lower Carboniferous 
in Flanders (DOV) and the top of the Upper Carboniferous for the Netherlands (NLOG 2013). Faults were 
connected at the country border where there were discrepancies. A buffer of 10 km was applied to the faults. Areas 
>10 km from mapped fault zones (outside the buffered zone) were excluded from the analysis, assuming that those 
areas are not significantly faulted. This distance was chosen as a buffer in order to be confident that the excluded 
areas were outside of the influence of fault damage zones and thus smaller undetected faults would be included in 
the analysis. 
2.2. Lithology 
Lithology was used as a key factor with which to evaluate fault hydraulic behaviour [6]. The four potential 
geothermal reservoirs can be split into two key lithological categories; carbonate reservoirs comprising the Upper 
Cretaceous chalks and Lower Carboniferous limestones, and clastic reservoirs comprising Lower Triassic and Upper 
Carboniferous sandstones, according to their expected fault zone permeability structures (as described in the 
previous section). Diagenetic processes are also expected to differ between these groups. Faults were considered to 
be potential targets for geothermal energy in the carbonate reservoirs but not the clastic reservoirs therefore an 
assessment of possible improved geothermal potential was only completed for the Upper Cretaceous chalk and 
Lower Carboniferous limestone intervals.  
 Sian Loveless et al. /  Energy Procedia  59 ( 2014 )  351 – 358 355
2.3. Fault activity  
Fault activity was used to identify faults that could have open fractures due to recent deformation (Table 1). 
Please note this is not an assessment of the seismic risk. Fault activity was also used as a proxy for the stress 
criticality since a good assessment of fault stress state requires a large number of contributing parameters, including 
stress measurements, that are not available the study area. Evidence for recent fault activity was collated from a 
number of sources, described below. 
Recent work by Vanneste et al. [26] identified the seismically active regions of the Roer Valley Graben (Fig. 3a). 
Seismic sources were attributed to an unspecified number of sources (composite seismic sources) rather than to 
individual faults because surface ruptures are rarely found in this region. These composite seismic sources are 
mapped at the surface with polygons corresponding to the surface locations projected in the subsurface. Faults 
mapped as crossing the projection polygon were assumed to be related to the earthquake source. We also used these 
polygons to define a region in which faults are likely to have been active recently (Fig. 3b).  
Table 1. Classification of the likelihood of fault zones to improve geothermal potential based on recent fault activity. 
Likelihood of fault zones to 
improve geothermal potential 
Classification parameters 
No potential Absence of Upper Cretaceous chalk group/Lower Carboniferous limestones or faults. 
Possible potential Faults mapped in Upper Cretaceous chalk group/Lower Carboniferous limestones but no evidence of 
recent activity. 
Potential Faults mapped in Upper Cretaceous chalk group/Lower Carboniferous limestones with proximal recorded 
historical earthquake or faults mapped in Quaternary layers 
Good potential Faults mapped in Upper Cretaceous chalk group/Lower Carboniferous limestones with proximal recorded 
historical earthquake and mapped in Quaternary layers, or areas mapped as seismically active by [27]. 
 
 
Fig. 3. Assessment of the likelihood of faults improving geothermal potential based on recent fault activity. a) Composite seismic sources 
indicating seismically active regions of the Roer Valley Graben from Vanneste et al. [26]. b) Area with mapped active faults in (a) transferred 
onto the regional map. c) Historical earthquakes, circle size indicates area of uncertainty (Table 2).  d) Faults mapped in Quaternary sediment.  
This seismic analysis was only available for the Roer Valley Graben therefore fault activity outside of this area 
was determined using a combination of historical earthquake location data and faults mapped cutting Quaternary 
sediment. Recorded earthquakes provide an indication as to the areas in which faults have been active since records 
356   Sian Loveless et al. /  Energy Procedia  59 ( 2014 )  351 – 358 
began in 1904 (Flanders) and 1906 (Netherlands). Earthquake epicentres located by the Royal Observatory of 
Belgium for Flanders and KNMI for the Netherlands were combined, with duplicated recordings over the country 
borders removed. Epicenter locations were plotted on the fault maps. Because the accuracy with which epicentres 
can be located has improved considerably through time the epicenters were plotted as circles with the radius 
representing the uncertainty in epicenter location (Fig. 3c, Table 2). If the zone of epicenter uncertainty intersected 
with areas mapped as active [26] earthquakes were attributed to faults mapped as active in this region. Otherwise all 
fault segments (and connected fault segments) that crossed the zone of epicenter uncertainty were assumed to be 
possibly active. It is possible that earthquakes have not occurred in historical times along certain faults, yet their 
recent (Quaternary) geological activity may be relevant for indicating their diagenetic (cementation) state and also 
state of stress. Maps of Quaternary faults from VITO and TNO show a number of these areas (see figure 3d). 
Table 2. Accuracy of epicenter locations over time [26]. 
Time period Radius of uncertainty 
Historical pre instrumental 20-50 km therefore disregarded 
Instrumental pre 1958 10 km 
1960-1985 3- 5 km 
1985 onwards < 2 km 
3. Results 
Maps showing the likelihood of fault zones improving geothermal potential for the Upper Cretaceous chalk group 
and Lower Carboniferous limestone group are shown in Fig. 4. The maps indicate that faults could enhance 
permeability in the Upper Cretaceous chalk and Lower Carboniferous limestone reservoirs across the majority of the 
provinces. Good potential is found along the flanks of the Roer Valley Graben (Fig. 1) and to the south in both the 
Dutch and Belgian Provinces of Limburg. Regions with potential improvements for geothermal energy border the 
areas with good potential, in the Campine Basin and North of the Roer Valley Graben. There remains a possibility 
for faults to improve the geothermal potential across much of the rest of the area of interest. In these areas faults 
have been mapped but are probably inactive. In these areas the diagenetic impacts (e.g. cementation or dissolution 
processes) will be very important for determining whether or not these fault zones experience enhanced 
permeability. To the west of the region for both the Upper Cretaceous chalk and Lower Carboniferous limestone 
there are areas in which fault zones are unlikely to improve geothermal potential either due to a lack of fault zones 
or an absence of the interval of interest.  
4. Discussion 
The maps produced as part of the GEOHEAT-app project (Fig. 4) provide a first assessment of the potential of 
fault zones as targets for geothermal energy in the Upper Cretaceous chalk and Lower Carboniferous limestone 
reservoirs. The boundaries of the zones of the different potential categories should not be regarded as definite.  
At this point in time these maps can only be verified by wells drilled at the Venlo geothermal project, which 
targeted a karstified fault zone. However, this location does lie within the northerly region with an estimated good 
potential (Fig. 4). The maps can be further validated as more geothermal projects develop in the region.  
Faults are likely to provide important regions of high permeability in these reservoirs in particular since primary 
permeability is generally low both lithologies and in fact may be considered the primary targets, providing the 
additional transmissivity necessary to reach the requirements for economic geothermal projects. Both reservoirs are 
found at greater depths and thus temperatures in the region with the best potential for fault zones to improve 
geothermal energy prospects, the Roer Valley Graben. Lower Carboniferous limestones are expected to reach depths 
of > 4 km in the centre of the Roer Valley Graben  therefore sufficient transmissivity at this depth might even allow 
for electricity production (requirement of > ~120o C). The Upper Cretaceous chalks are shallower but temperatures 
~40 o C could easily allow for direct heat applications such as swimming pools or fish farms. The potential for fault 
zones to enhance geothermal potential in the less active faults that can be found across much of the rest of the region 
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is likely to be strongly linked with secondary diagenetic effects. These vary regionally and locally [24] and therefore 
for each geothermal development it remains necessary to make site-specific assessments of the local geological 
structure and history (fault activity and diagenesis). 
This assessment by no means incorporates all parameters that could point to fault zone permeability. Indeed, 
much more sophisticated methods exist to assess fault behaviour such as Allan diagrams to assess the juxtaposition 
of permeable/impermeable units either side of the fault zone [15], and methods to assess the sealing capacity, such 
as the Shale Gouge Ratio [27]. Such investigations were not possible with the scale of the work and the resources 
available. However, with the limited information about the nature of faults in the subsurface of this region there is 
no certainty that correct predications can be made about a fault’s hydraulic behaviour. 
 
Fig. 4. Maps showing the likelihood of fault zones to improve geothermal potential in the a) Upper Cretaceous chalk reservoir and b) Lower 
Carboniferous reservoir. The black box indicates the location of the Venlo geothermal site that utilises a fault zone in the Lower Carboniferous.  
5. Summary 
A regional assessment of the possibility of fault zones to improve geothermal potential in four border provinces 
of Belgium and the Netherlands has been made according to principles of fault hydraulic behaviour. The assessment 
accounts for lithology cut by the faults and their recent fault activity. Assessments are presented on two maps, for 
the Upper Cretaceous chalk reservoir and Lower Carboniferous limestone reservoir. These maps show that faults 
may prove to be possible targets across much of the region but particularly so in the Roer Valley Graben. While 
these maps may provide an indication of possible targets, further site-specific feasibility and risk studies will always 
be required prior to exploration.  
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